Objectives: The goal of this study was to measure the impact of simvastatin and atorvastatin treatment on blood brain barrier (BBB) integrity after experimental intracerebral hemorrhage (ICH). Methods: Primary ICH was induced in 27 male Wistar rats by stereotactic injection of 100 μL of autologous blood into the striatum. Rats were divided into three groups (n = 9/group): 1) oral treatment (2 mg/kg) of atorvastatin, 2) oral treatment (2 mg/kg) simvastatin, or 3) phosphate buffered saline daily starting 24-hour post-ICH and continuing daily for the next 3 days. On the fourth day, the animals underwent magnetic resonance imaging (MRI) for measurements of T 1sat (a marker for BBB integrity), T 2 (edema), and cerebral blood flow (CBF). After MRI, the animals were sacrificed and immunohistology or Western blotting was performed. Results: MRI data for animals receiving simvastatin treatment showed significantly reduced BBB dysfunction and improved CBF in the ICH rim compared to controls (P < 0.05) 4 days after ICH. Simvastatin also significantly reduced edema (T 2 ) in the rim at 4 days after ICH (P < 0.05). Both statin-treated groups demonstrated increased occludin and endothelial barrier antigen levels within the vessel walls, indicating better preservation of BBB function (P < 0.05) and increased number of blood vessels (P < 0.05). Conclusions: Simvastatin treatment administered acutely after ICH protects BBB integrity as measured by MRI and correlative immunohistochemistry. There was also evidence of improved CBF and reduced edema by MRI. Conversely, atorvastatin showed a non-significant trend by MRI measurement.
Introduction
Blood-brain barrier (BBB) dysfunction following intracerebral hemorrhage (ICH) is assumed to contribute to brain injury [1] . Both animal models and human studies show that BBB disruption occurs acutely after ICH [2] [3] [4] [5] . The mechanisms of BBB breakdown that underlie the progression of ICH are only partially known [5] , but researchers have shown that BBB disruption increases cerebrovascular permeability, thereby allowing the entrance of potentially neurotoxic compounds and leukocytes into the brain parenchyma which can in turn cause edema formation [1, 4] . The extent of edema along with the larger hematoma volume correlates with high mortality and poor prognosis after ICH [6] . Current surgical and medical approaches for ICH treatment have been ineffective [7] , therefore, a strategy aimed at early BBB protection after ICH would be a useful therapeutic advance.
Statins or 3-hydroxy-3-methyl-glutaryl-coenzyme A (HMG-CoA) reductase inhibitors are widely employed as potent inhibitors of cholesterol biosynthesis [8] . When administered after ischemic stroke or traumatic brain injury (TBI), these agents have been shown to provide neuroprotection with beneficial effects on the neuronal and neurovascular systems [9] [10] [11] . This has been presumed to be due to the capacity of statins to improve or restore endothelial function, enhance angiogenesis and neurogenesis, increase the stability of atherosclerotic plaques, and decrease oxidative stress and vascular inflammation [8, 9] . In previous laboratory studies, we found that both atorvastatin and simvastatin enhanced functional outcome and promoted vascular recovery 4 weeks after ICH [12, 13] ; however, it is not known if statins can protect the BBB from injury during the early stages of ICH. To test the hypothesis that statins significantly protect BBB integrity acutely and/or ameliorate the increases in BBB perme-ability often noted after ICH, we investigated the early effects of atorvastatin and simvastatin in an experimental ICH model. We also measured other mechanisms that might be responsible for such an effect.
Materials and Methods

Experimental Model
All experimental procedures were approved by Henry Ford Hospital's Institutional Animal Care and Use Committee (IACUC No. 1061). Twenty-seven adult male Wistar rats (270 -330 g) were anesthetized intraperitoneally with ketamine (90 mg/kg) and xylazine (5 mg/kg). They were then subjected to ICH by direct infusion of 100 µl autologous whole blood into the striatal region adjacent to the subventricular zone (SVZ) [14] [15] [16] . After ICH, the animals were randomly assigned to atorvastatin (2 mg/kg), simvastatin (2 mg/kg) or phosphate-buffered saline (PBS; control) treatment groups (n = 9/group). Treatment was given by oral gavage starting 24-h post-ICH and continued daily for 3 days. Three rats from each group were selected and sacrificed at 4 days after ICH for Western blot. The remaining 6 rats in each group received daily injections of bromodeoxyuridine (BrdU) 100 mg/kg (Sigma) from 1 to 4 days post-ICH, intraperitoneally.
MR Imaging and Analysis
MRI measurements were performed 4 days after ICH, using a 7 Tesla, 20-cm bore superconducting magnet (Magnex Scientific, Inc. Palo Alto, CA) interfaced to a Bruker Avance console running Paravision 3.0.2 (Bruker Biospin MRI, Billerica, CA) [13, 14] . The imaging protocol employed used a 32-mm field of view (FOV). Briefly, the protocol included estimates of the following: 1) cerebral blood flow (CBF); 2) spin-spin relaxation times (T 2 ); 3) spin-lattice relaxation times measured in the presence of off-resonance saturation of the bound proton signal (T 1sat ); and 4) estimates of post-ICH induced changes in the blood-to-brain transfer constant (K i ). The K i estimates were obtained using an MR contrast agent (Gd-DTPA: 0.2 mmol/kg body wt) that was administered by bolus injection via a tail vein during sequential MRI measurements.
The CBF estimates were acquired using an arterial spin labeling technique [17] . This technique is based on the selective inversion of inflowing blood water protons at the level of the carotid arteries prior to MRI measurement in the brain. The inversion pulse was applied for 1 s at a B 1 amplitude of 0.3 kHz, and had a frequency offset of ± 6 kHz. It was followed by an SE sequence with TR/ TE = 1060 ms/40 ms. Four averages of the image were acquired with the gradient polarities and the RF pulse frequency offsets reversed to remove any gradient asymmetries in the axial direction. The labeled slice was located approximately 2 cm distal to the imaging slice. The imaging slice was 2-mm thick and was acquired using 64 × 64 matrix. Total time for the entire series was 17 min 55 s.
The T 2 estimates were measured using a standard CarrPurcell-Meiboom-Gill (CPMG) multi-slice (13 slices each of 1-mm thickness) multi-echo (6 echoes) MRI sequence. Echo times (TEs) were 15, 30, 45, 60, 75 and 90 ms, and repetition time (TR) was 5.0 s. Images were produced using a 128 × 64 matrix.
The T 1sat estimates were acquired using an imaging variant of the T-one by multiple readout pulses (TOM-ROP) sequence [18, 19] . This was done by inserting two continuous wave (CW) RF saturation pulses into the Look-Locker sequence: the first (4.5 s long) immediately before the inversion pulse and the second (40 ms long) after the signal acquisition. The offset frequency of the saturation pulses was 8 kHz, and the rotational frequency of the B 1 field was 0.5 kHz. Initially, the longitudinal magnetization was inverted using an 8 ms non-selective adiabatic hyperbolic secant pulse. One phase encode line of 32 small-tip angle gradient echo images (TE = 7.0 ms) was acquired at 80-ms intervals after each inversion. With this sequence, a single 2-mm thick slice T 1sat map was obtained in ~9 min (TR = 8 s, 128 × 64 matrix).
The MR data were transferred to a Unix-based system for image processing and analysis. All MR images were reconstructed using a 128 × 128 matrix. Regions of interest (ROIs) representing hematoma core and adjacent rim were identified by windowing T 2 values. All other MRI parameter maps were coregistered to the T 2 maps. The MRI parameters were measured in these selected ROIs and the corresponding contralateral regions, and are reported as ipsilateral/contralateral ratios.
Immunohistochemistry
All animals were sacrificed 4 days post-ICH following MRI for either Western blot or immunohistochemical analysis. Endothelial barrier antigen (EBA) (1:1000 dilution; Sternberger Monoclonals, Baltimore, MD), and occludin (1:200 dilution; Invitrogen, Carlsbad, CA) immunostaining were performed as described previously [16] . All immunostainings were performed at the same time with two negative controls (i.e., the omission of primary antibody and the use of pre-immune serum) for quality control of the immunoassaying procedure. To determine whether BrdU-immunoreactive endothelial cells express EBA, double immunohistochemical staining was used to identify BrdU (1:100 dilution; Boehringer, Indianapolis, IN) with the endothelial marker. The tissues were counterstained with 0.1 mg/ml DAPI (Sigma, St. Louis, MO) in PBS for 5 min at room temperature.
For quantitative measurements of occludin and EBA, 6 immunostained coronal sections and 8 fields of view from the striatum in each section were digitized under a 20× objective (Olympus BX40) using a 3-color CCD video camera (Sony DXC-970MD) interfaced with an MCID image analysis system (Imaging Research). The data are presented as a percentage of positive occludin immunoreactivity area in the border and the average vessel number per square mm. The proportions of BrdU+ endothelial cells were calculated based on the total number of BrdU+ endothelial cells (EBA+/BrdU+/DAPI+) and the total number of endothelial cells (EBA+/DAPI+) in 20 vessels adjacent to the hematoma from each rat.
Western Blots
To confirm the immunostaining data and to measure occludin expression, Western blot assays were performed. Homogenates of tissue samples taken from the border zone around the hematoma were obtained at 4 days after ICH. The protein concentrations of extracts were tested using a BCA protein assay reagent kit (Pierce, Rockford, IL). Equal amounts of protein for each group were assayed by SDS/PAGE and transferred to PVDF membranes. The blots were developed with enhanced chemiluminescence (Pierce), digitally scanned (GS-700, BioRad), and analyzed (Molecular analystR, Bio-Rad). Anti-β-actin antibody (Santa Cruz, Santa Cruz, CA) was used as a control.
Statistical Analysis
An analysis of variance (ANOVA) procedure was used to evaluate the ipsilateral/contralateral values of MR parameters at 4 days post-ICH and the results of the immunohistological measures of EBA and occludin expressions between statin-treated and control groups. Data are reported as mean ± standard error of the mean (SEM). Statistical significance was inferred at P ≤ 0.05. All measurements were performed by observers blinded to individual treatments.
Results
MR Imaging
Representative CBF, T 2 , T 1sat maps from control, atorvastatin-and simvastatin-treated animals at 4 days post-ICH are shown in Figure 1 . The CBF maps indicate that treatment with statins increased blood flow particularly along the periphery or outer boundary of the central core region when compared to controls. Quantitative analysis showed that the ipsilateral/contralateral CBF ratios in the rim significantly increased after simvastatin treatment (Figure 2) . The control group T 2 maps showed a bright central core region (high T 2 ) and an adjacent surrounding dark rim (low T 2 ). In comparison, the T 2 results for the statin-treated animals showed a less intense response in the core region (i.e. lower T 2 values) relative to the rim area than in control animals. Finally, the T 1sat maps showed decreased T 1sat values in the ICH border region of the statin-treated animals indicative of lower BBB permeability relative to control rats. Additionally, statistical analysis demonstrated that the ipsilateral/contralateral T 2 and T 1sat ratios significantly decreased in the rim after simvastatin treatment relative to controls (Figure 2) . These findings suggest that simvastatin increases CBF, decreases edema and modulates BBB permeability during the acute phase of ICH. Although atorvastatin treatment showed trends dissimilar to simvastatin treatment in its effects, the differences were not significant.
Occludin Expression
To clarify how statins may protect the BBB after ICH, the tight junction protein occludin was studied by immunofluorescent staining and immunoblotting 4 days after ICH. Occludin was expressed in the intima of cerebral capillaries and was dramatically increased in the boundary area around the hematoma after both statin treatments (Figure 3) . In agreement with immunohistochemistry results, Western blotting showed that the expression level of occludin in the border zone of animals in both statin-treated groups increased at the designated time point, when compared to controls (Figure 4) . study also revealed that both statins can promote angiogenesis as early as 4 days after ICH.
Angiogenesis
More detailed experimental and clinical evidence continues to accumulate regarding the efficacy of statins for treatment of ICH. An earlier study indicated that 2 mg/kg atorvastatin significantly reduced neurological deficits at 2 weeks to 4 weeks after experimental ICH, while higher doses of 8 mg/kg did not improve functional outcome or lessen brain damage [15] . In a collagenase ICH model, EBA immunohistochemical staining provides a sensitive and reliable index for cerebral vessels [20] . Angiogenesis was observed after brain injury, and characterized by enlarged vascular perimeters and capillaries sprouting from preexisting blood vessels as well as increased microvessel density and newly formed endothelial cells. In the current study, the boundary area around the hematoma in both statin-treated groups showed an up-regulation in the intensity of immunoreactivity to EBA ( Figure  5) . The distribution of EBA immunoreactivity in other regions of statin-treated brain tissue appeared similar to that of control animals. A significant increase in the number of cells co-stained with EBA and BrdU was also observed in the same area in statin-treated animals, when compared to control animals ( Figure 6 ).
Discussion
The present study demonstrates that simvastatin treatment significantly protects BBB integrity, reduces edema and improves CBF as measured by MRI during the acute phase after experimental ICH. Atorvastatin showed a non-significant trend by MRI measurement, although both statins induced increased expression of the tight junction protein occludin in the boundary zone. This Jung et al., found that 1 mg/kg or 10 mg/kg atorvastatin promoted sensorimotor recovery after 2 weeks and the effects persisted up to 4 weeks [21] . Several retrospective and prospective studies indicated that the ICH patients on statins had better outcome in comparison to those without statins [22] [23] [24] [25] [26] . While the study of the Stroke Prevention by Aggressive Reduction in Cholesterol Levels (SPARCL) demonstrated an increased risk of ICH in patients treated with high doses of atorvastatin, the overall effect was deemed to be one of clinical benefit [27] . Our present result shows that treatment with 2 mg/kg/day statin for 4 days protected the BBB after ICH, while expansion of the hematoma was not observed by either MRI or histology. These data suggest that a low dose of statin during the acute phase of ICH might be optimal to achieve therapeutic effects without secondary hemorrhage.
The BBB after ICH is disrupted by perihematomal injury and the subsequent inflammatory cascades initiated by coagulation products and toxic blood breakdown products [1] . The autologous whole blood ICH model has been shown to mimic the mechanism of BBB disruption [28] . The onset of BBB dysfunction was observed to occur at 12 h to 48 h after ICH in this model [2] . The current study demonstrated that statin treatment starting 24 h post-ICH and persisting through Day 4 attenuated brain edema formation and BBB permeability. The post-ICH intervention with statins provided rapid BBB protection; this ultimately may alleviate intracranial complications and promote the improved functional outcome which is observed in these experimental models.
The immunohistochemistry portion of the study supports the concept of endothelial cell-mediated function of the BBB integrity. Tight junctions linking the cerebral endothelial cells play a vital role in BBB function by limiting diffusion of compounds from the systemic circulation to brain parenchyma [29] . Occludin is one of the important transmembrane proteins of tight junctions that are essential for maintenance of the BBB integrity [30] .
Decreased expression of occludin correlated with disrupted BBB function in neurological injuries [31, 32] . Our results indicated that animals treated with statins after ICH have elevated occludin protein levels relative to controls, which is associated with improved BBB integrity. It is unclear, however, whether the increased protein level is due to enhanced occludin synthesis or its protection from breakdown.
Angiogenesis can begin at 12 h to 24 h after experimental ischemic stroke, and clinical data suggest that it is present three to four days after ischemic stroke [33, 34] . In parallel, our study showed that after 4 days of statin treatment the number of vessels and proliferating endothelial cells were increased in the boundary zone around the hematoma suggesting that angiogenesis can occur as early as 4 days after ICH. We reason that these increased CBF levels observed by MRI may be attributed partially to ongoing angiogenesis. Our previous study demonstrated that both simvastatin and atorvastatin provided similar neuroprotective and neurorestorative effects at 4 weeks post-ICH [12] . Nevertheless, current MRI studies suggest that at the same dose simvastatin-based therapy was more effective than atorvastatin-based therapy in achieving acute efficacy via BBB protection or improving CBF at 4 days post-ICH. The differences between the two statins could be due to their intrinsic differences in plasma life and permeability across the BBB with simvastatin having greater lipophilic properties [35, 36] . Whether higher doses or longer administration times would render atorvastatin as effective as simvastatin is unknown and requires further study.
In conclusion, simvastatin demonstrated therapeutic potential in acute treatment of ICH as seen in this experimental model. Increased expression of tight junction proteins and the early observation of angiogenesis may represent important mechanisms for the efficacy of simvastatin in ICH.
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